Abstract End stage kidney disease is a well-known complication of methylmalonic acidemia (MMA), and can be treated by dialysis, kidney transplant, or combined kidneyliver transplant. While liver and/or kidney transplantation in MMA may reduce the risk of metabolic crisis and endorgan disease, it does not fully prevent disease-related complications. We performed detailed metabolite and kinetic analyses in a 28-year-old patient with mut 0 MMA who underwent hemodialysis for 6 months prior to receiving a combined liver/kidney transplant. A single hemodialysis session led to a 54 % reduction in plasma methylmalonic acid and yielded a plasma clearance of 103 ml/min and V D 0.48 L/kg, which approximates the total body free water space. This was followed by rapid reaccumulation of methylmalonic acid over 24 h to the predialysis concentration in the plasma. Following combined liver/ kidney transplantation, the plasma methylmalonic acid was reduced to 3 % of pre-dialysis levels (6,965±1,638 (SD) μmol/L and 234±100 (SD) μmol/L) but remained >850× higher than the upper limit of normal (0.27±0.08 (SD) μmol/L). Despite substantial post-operative metabolic improvement, the patient developed significant neurologic complications including acute worsening of vision in the setting of pre-existing bilateral optic neuropathy, generalized seizures, and a transient, focal leukoencephalopathy. Plasma methylmalonic acid was stable throughout the postoperative course. The biochemical parameters exhibited by this patient further define the whole body metabolism of methylmalonic acid in the setting of dialysis and subsequent combined liver/kidney transplant.
Introduction MMA (OMIM #251000) is an autosomal recessive disorder of organic acid metabolism characterized by impaired conversion of L-methylmalonyl-CoA into succinyl-CoA due to reduced activity of the enzyme methylmalonyl-CoA mutase (MUT) (Nyhan and Ozand 1998; Willard and Rosenberg 1980) . Mutations that completely abolish MUT activity result in the mut 0 class of MMA. Affected patients experience frequent and severe episodes of metabolic instability characterized by mental status changes, ketoacidosis and, at times, hyperammonemia (Manoli and Venditti 2010; Baumgartner and Viardot 1995) . Basal ganglia infarction (mainly involving the globi palladi), pancreatitis, bone marrow suppression, and death can occur. Long-term morbidities include kidney failure, cardiomyopathy, poor growth, optic neuropathy, and developmental delay (Manoli and Venditti 2010; Baumgartner and Viardot 1995; Hörster et al 2007; Traber et al 2011; Prada et al 2011; Williams et al 2009) .
Acute treatment of metabolic crises in MMA is supportive and includes rehydration, correction of electrolyte abnormalities, treatment of intercurrent infection, and the provision of intravenous glucose (Wendel and Baulny 2006) . The longerterm management is likewise supportive and mainly consists of avoidance of known triggers of metabolic crises including infection and dehydration, dietary protein restriction, and cobalamin if a patient is determined to be vitamin B12 responsive (Wendel and Baulny 2006) .
Liver and/or kidney transplantation has been utilized to improve metabolic control in this disease, with the goal of mitigating or eliminating metabolic crises (Lubrano et al 2007; Chakrapani et al 2002; Nagarajan et al 2005; Ho et al 2000; Nyhan et al 2002; Hsui et al 2003; Ogier et al 2005; van't Hoff et al 1998; van't Hofff et al 1999; Clothier et al 2011) . Although transplantation can substantially reduce the plasma methylmalonic acid concentration, circulating metabolites remain more than 100-fold increased compared to controls after successful transplantation. Complications such as metabolic stroke and progression of chronic kidney disease can still occur (Chakrapani et al 2002; Nyhan et al 2002; Kaplan et al 2006; Chen et al 2010; Burdelski and Ullrich 1999; Leonard et al 2001; Kamei et al 2011) . The precise indications for organ transplantation have not been defined, and controversy exists regarding whether an LKT or isolated KT is preferred in the setting of renal failure in a patient with mut 0 MMA. A few reports suggest that isolated kidney transplantation may yield better metabolic control than solitary liver or combined organ transplantation (Lubrano et al 2007 (Lubrano et al , 2013a in patients with mut 0 MMA. However, this claim is partially based on the misclassification of aB12 responsive cblA patient who was initially reported as mut 0 (Lubrano et al 2001 (Lubrano et al , 2007 (Lubrano et al , 2013a . Another report has documented mixed outcomes in mut MMA after isolated KT, with some patients doing well, but others perishing in the face of multisystem failure or exhibiting metabolic instability after transplant (Brassier et al 2013) .
Because guidelines surrounding all aspects of transplantation in MMA are lacking, the detailed description of the clinical course experienced by any given patient yields important information and unique insights needed to guide future clinical decisions. We report a 28-year-old female patient with mut 0 MMA on hemodialysis (HD) for 6 months for end-stage renal disease caused by MMA-associated chronic tubulointerstitial nephritis who subsequently underwent combined LKT. To better characterize the effects of LKT on the metabolic phenotype of MMA, clearance (blood volume in unit volume per unit time cleared of metabolite by dialysis) of methylmalonic acid by intermittent HD was calculated, and plasma and cerebrospinal fluid (CSF) metabolites after transplantation were measured. Despite metabolic improvement following LKT, the patient developed numerous neurologic complications including worsening vision, seizures, and a focal leukoencephalopathy. Here, we present biochemical and imaging data surrounding this patient's transplantation and describe acute neurological events following LKT in MMA, and review the literature.
Clinical course
A 28-year-old female, who was the product of a first cousin union, presented at age 3 months with failure to thrive, developmental delay, and hypotonia. At 9 months of age, she was diagnosed with MMA following an episode of vomiting, dehydration, and metabolic acidosis. [ 14 C] propionate incorporation and complementation studies performed on skin fibroblasts were consistent with mut 0 MMA. She was found to be homozygous for c.2053dupCTC p.685insL in MUT (Adjalla et al 1998; Worgan et al 2006) and cobalamin unresponsive. Chronic kidney disease (CKD) was diagnosed at 4 years of age following a DTPA scan which showed a glomerular filtration rate of 26 ml/min/1.73 m 2 , and a kidney biopsy demonstrated tubulointerstitial nephritis with fibrosis consistent with MMA-associated kidney disease. She experienced a bilateral globus pallidus infarction at age 7 years that resulted in mild choreoathetosis. At age 11 years, she was diagnosed with secondary hyperparathyroidism and at 21 years she was diagnosed with hypothyroidism. Intellectual development has always been within the normal range. At 27 years of age, the patient developed an acute bilateral optic neuropathy, resulting in best-corrected visual acuity of 20/80 with the right eye and 20/400 with the left eye.
Because of deterioration of her visual function, worsening generalized debility, and increasing requirement for bicarbonate supplementation, HD was initiated to reduce MMA metabolites. At this time, the patient had a creatinine of 1.9 mg/ dL and an estimated glomerular filtration rate (eGFR) of 23 ml/min/1.73 m 2 by the CKD-EPI Creatinine-Cystatin C (2012) equation (cystatin C 3.33 mg/L) (Inker et al 2012) . As creatinine may be an inaccurate measure of kidney function in patients with MMA due to the low muscle mass, the combined use of cystatin C and creatinine may permit better estimation of GFR. Definitive studies, however, have yet to be performed in this patient population (Walter et al 1989; Kruzka et al 2013) .
After extensive discussions with the patient and her family, a combined LKT was performed with the aim of preventing future complications of MMA and improving the quality of life without the need for HD. After 6 months of chronic HD, at age 28, she received a deceased donor LKT. Induction immunosuppression involved intraoperative basiliximab and methylprednisolone with mycophenolate mofetil initiated the evening of surgery. Intraoperative HD with a blood flow rate (Q B ) between 200 and 300 ml/min and dialysate flow rate of 600 ml/min was utilized to minimize accumulation of MMA and maintain normal blood pH. She experienced 11 min of intraoperative hypotension with a systolic blood pressure as low as 40 mmHg due to inferior vena cava (IVC) compression by the donor liver. Intravenous vasopressors and fluids were administered and repositioning of the liver ultimately relieved the hypotension. Immediately post-operatively, continuous veno-venous hemodialysis (CVVHD) (NxStage System One, Lawrence, MA) at Q B 250 ml/min using bicarbonate dialysate at 1500 ml/h (28 ml/kg/h) was employed for 36 h to minimize methylmalonic acid accumulation and to assist with fluid management. Plasma methylmalonic acid was 400 μmol/L while on CVVHD.
On post-operative day 1, abdominal ultrasonography revealed diminished flow in the main and right portal veins with no definite flow in the left portal vein and right hepatic vein. She returned to the operating room to relieve IVC compression by repositioning the donor liver and the surgical incision was left open to heal by secondary intention. On postoperative day 3, she developed acute, complete loss of vision in both eyes. Ophthalmologic examination revealed pale optic discs with non-reactive pupils bilaterally. On this day, plasma methylmalonic acid level was 390 μmol/L, which was not a significant change from the day prior (345 μmol/L) or the following day (358 μmol/L). On post-operative day 4, brain magnetic resonance imaging (MRI) and angiography (MRA) showed symmetric, small T2-hyperintese lesions in the posterior aspect of the globi pallidi which were felt to be a sequelae of her prior infarct (not shown), T2-hyperintense signal of the orbital segment of both optic nerves, and mild reduction in size of the right side of the optic chiasm ( Fig. 1 ) consistent with acute optic nerve damage superimposed on a chronic bilateral optic neuropathy. No other acute brain abnormalities were detected. At this time, her immunosuppression was methylprednisolone and mycophenolate mofetil. In the days leading to these events, urine output was between 1000 and 1500 ml/day with an even to net positive fluid balance. Electrolytes were within normal limits except for mild hypokalemia of 3.3 mEq/L (normal value 3.5-5.0 mEq/ L), and arterial pH ranged from 7.34 to 7.44.
Due to acute visual deterioration, a therapeutic trial of the antioxidant Epi-743 (Enns et al 2012; Sadun et al 2012) was started under a compassionate use protocol. Epi-743 was selected as it is an investigational drug with antioxidant properties that has shown promise in restoration of vision in individuals with Leber hereditary optic neuropathy, as well as promise in the treatment of other mitochondrial disorders including Leigh syndrome. Vision subsequently improved to 20/800 with the right eye and 20/400 with the left eye, associated with bilateral central scotomas. However, this medication was subsequently discontinued after 104 days to simplify her clinical management in the setting of the post-operative complications. At discharge, her vision was 20/800 bilaterally.
On post-operative day 6, tacrolimuswas initiated. The patient's clinical course began to show improvement; however, on post-operative day 28, she developed generalized seizures. Follow-up brain MRI revealed patchy T2-hyperintense signal in the pons and left midbrain with matching increased apparent diffusion coefficient (ADC) values (suggesting vasogenic edema), unchanged symmetric, small T2-hyperintese lesions in the posterior aspect of the globipallidi, and small T2-hyperintense lesions in the left thalamus and left corona radiate without matching diffusion abnormalities (Fig. 2) . Based on normal diffusion-weighted imaging (DWI), the T2-hyperintense lesions in the left thalamus and corona radiata were not consistent with ischemic lesions. Tacrolimus levels were at goal (trough 6.7 ng/mL) and thought to be an unlikely etiology of the seizures. Nonetheless, this drug was discontinued as a precaution, and immunosuppression was maintained with mycophenolate mofetil, methylprednisolone, and monthly basiliximab. In addition, she was placed onoxcarbazepine, levetiracetam, and lacosamide, with temporary control of the seizures, and she was transferred to an inpatient rehabilitation facility.
Unfortunately, on post-operative day 48, seizures recurred and necessitated endotracheal intubation and mechanical ventilation. Repeat brain MRI showed improvement in the previously visualized changes in the thalamus and pons on T2 weighted images. On T2-weighted and fluid attenuation inversion recovery (FLAIR) images,there was minimally increased abnormal signal in the right cingulate gyrus with reduced diffusion on ADC maps. An etiology for the recurrence of seizures was not found. Monthly basiliximab was discontinued, and sirolimus was added to the regimen of mycophenolate mofetil and corticosteroids. On postoperative day 55,the patient developed persistent fever that resolved with drainage of an intraabdominal abscess. Her After a 5-month hospital course, the patient was discharged to in-home rehabilitative care. Compared with her pretransplant state, notable new comorbidities included decreased visual acuityof 20/800 bilaterally, an inability to ambulate independently due to muscle atrophy, and the presence of a facial tremor and seizure disorder. Eighteen months postoperatively, her tremor persists but is improved, her seizures are well controlled on lacosamide and clonazepam, her visual function is stable, and she is able to walk independently. The allografts are functioning well, with serum creatinine 0.6 mg/ dL, near normal liver transaminases, normal bilirubin, albumin and total protein, and plasma MMA 266 μmol/L on an unrestricted diet.
Materials and methods
The patient consented to all studies and reporting of results in accordance with approved Johns Hopkins Hospital IRB protocols: NA_00026986 "Investigation of metabolic disturbance in Methylmalonic Acidemia, Propionic Acidemia, Isovaleric Acidemia and Glutaric Aciduria Type 1" and NA_00036487 "Clinical Studies of Inborn Errors of Metabolism." She was concurrently enrolled in National Institutes of Health study 04-HG-0127 "Clinical and Basic Investigations of Methylmalonic Acidemia and Related Disorders"(clinicaltrials.gov identifier: NCT00078078).
Measurement of plasma, CSF, and HD effluent methylmalonic acid and acylcarnitines Methylmalonic acid concentrations were determined by isotope dilution capillary-gas chromatography/mass spectrometry (GC/MS), using [methyl-2H3] methylmalonic acid as an internal standard (Stabler et al 1985 (Stabler et al , 1991 . Acylcarnitine levels were determined by liquid chromatography/mass spectrometry via previously reported methods (Rinaldo et al 2008) . Methylmalonic acid levels were measured in the plasma prior to and after HD, peri-transplant including on CVVHD, and periodically thereafter including during changes in clinical status. Plasma acylcarnitine profile was measured at the initiation of HD and periodically thereafter. CSF methylmalonic acid and acylcarnitine profile were measured on post-operative days 28, 48, and 55, which corresponded to the onset of generalized seizures (28 days), seizure escalation (48 days), and fever (55 days).
Measurement of amino acids Plasma and CSF amino acid concentrations were determined by ion exchange chromatography. Samples were deproteinized by mixing with 1/10 the sample volume of 35 % sulfosalicylic acid. The mixture was centrifuged for 3 min, and amino acids were assayed from the supernatant by ion-exchange liquid chromatography with ninhydrin detection on a Biochrom 30 Amino Acid Analyzer. Amino acids were assayed at the above noted time points.
Kinetics of methylmalonic acid during HD Hemodialysis was initiated over three consecutive days via a tunneled dialysis catheter with bicarbonate-based dialysate at flow rate 600 ml/ min. The first session was for 2 h at Q B 200 ml/min utilizing an F16 filter (Fresenius Medical Care North America, Waltham, MA), the 2nd session for 2.5 h at Q B 225 ml/min utilizing an F18 filter, and the 3rd session for 3 h at Q B 400 ml/ min utilizing an F18 filter. Pre-dialysis weight with the 3rd session was 48.2 kg, height 60.5 in., and no ultrafiltration was performed. With the 3rd session, plasma methylmalonic acid was measured immediately before HD and at 2, 4, 22, and 52 h after HD. As the increase in plasma methylmalonic acid post-dialysis appeared linear over the 52-h time course, a methylmalonic acid concentration (0 h) immediately post-HD was estimated by linear regression (Supplementary methods). During this 3 h HD session, effluent was collected from the 1st hour (36 L) and from the 3rd hour (36 L). Effluent concentrations of methylmalonic acid were measured from a 0.4 mL aliquot of each well-mixed 36 L container. The concentration in the 36 L of effluent from the 2nd hour of dialysis was estimated at the midpoint of the exponential decline between the 1st and 3rd hour concentrations to permit calculation of the total quantity of methylmalonic acid removed by HD. Methylmalonic acid clearance by HD and the volume of distribution (V D ) were calculated using dialysate-side kinetic equations (Supplementary methods). Clearance of methylmalonic acid by residual renal function was unknown but likely low given an average urine output of 500 ml/day.
Results
Plasma methylmalonic acid measured multiple times over the 32 months before any medical intervention (dialysis or transplant) was 6965 ± 1638 (SD) μmol/L (n = 5). Plasma methylmalonic acid concentrations before and after the 3rd HD session are shown in Table 1 . After a 3 h hemodialysis session in this 48.2 kg patient utilizing an F18 filter at Q B 400 ml/min and dialysate flow rate 600 ml/min, the methylmalonic acid reduction ratio was 54.2 % for a plasma clearance of 103 ml/min. The V D was estimated at 0.48 L/kg, similar to total body water of 0.54 L/kg as predicted by the Watson formula (Watson et al 1980; Guyton 1976) . Similar patterns of reaccumulation were seen in the acylcarnitines C3 and C5DC (Table 1) . Immediately prior to LKT, plasma methylmalonic acid was 4811 μmol/L, the patient having received HD the day before at Q B 300 mL/min. While on CVVHD immediately post-transplant, plasma methylmalonic acid ranged 348-455 μmol/L. Average plasma methylmalonic acid from discontinuation of CVVHD to discharge from the hospital was 234±100 (SD) μmol/L (n=28). At 15 months post-transplant on an unrestricted diet, plasma methylmalonic acid was 266 μmol/L.
Simultaneous methylmalonic acid levels were measured in the plasma and CSF on post-operative days 28 (seizure onset) and 48 (seizure escalation), and from the CSF alone on day 55 (fever). Plasma methylmalonic acid was available from days 53 and 57 (Table 2 ) and did not vary significantly during these episodes from measurements made during clinical stability, although CSF methylmalonic acid was notably higher during episodes of seizure (days 28 and 48) as compared to fever (day 55). The CSF/plasma ratio remained approximately 2.5-5 times higher than in healthy controls at these time points. This is consistent with what has been described previously in a patient with mut 0 MMA (Kaplan et al 2006) . All CSF samples had normal or negative protein, glucose, cell counts, and cultures (Supplementary Table 1 ).
Acylcarnitine profiles were measured simultaneously in the plasma and CSF on post-operative days 28 and 48, from the plasma on day 57, and from the CSF on day 55 (Table 2) . Although normal CSF acylcarnitine levels have not been reported, the CSF levels remained lower than plasma in contrast to methylmalonic acid levels. Plasma C3 and C4DC remained appreciably elevated above the normal range.
Amino acid profiles in the plasma and CSF were measured at the same time points as methylmalonic acid (full profiles in Supplementary Table 2). Particular attention was given to glycine, glutamine, and alanine due to their role in nitrogen balance. The amino acid CSF/plasma ratios were consistent with previous descriptions in normal individuals (Table 2 ) (Kruse et al 1985) . The elevated alanine is possibly reflective of an increased CSF lactate, however this was not measured. Interestingly, the patient also had consistently reduced serine levels in her CSF and plasma, with a normal CSF to plasma ratio. Because her CSF serine was in the range of that observed in patients with serine deficiency (van der Crabben et al 2013), we elected to supplement her diet with serine in order to keep her plasma ratios in the high-normal range. The etiology of the low serine remains unknown. A retrospective 
Normal range in CSF 0.14-0.73 analysis of her plasma serine levels prior to dialysis and surgery reveals levels that were generally in the normal range (86 μM +/− 32 (SD), n=11).
Discussion
We have described the kinetics and distribution of clinically relevant biochemical parameters in MMA through detailed metabolite analysis of a patient with mut 0 MMA who developed end-stage kidney disease requiring HD followed by combined LKT. Our measurements indicate the V D of methylmalonic acid is similar to total body water, in agreement with a previous measurement of this value made by following kinetics of tritiated methylmalonic acid (Stokke et al 1967) . HD induces massive flux in plasma methylmalonic acid concentration, and as demonstrated, by 52 h post-HD, plasma methylmalonic acid, C3, and C4DC levels return to pre-HD baseline. Several brief reports have described the use of HD and/or peritoneal dialysis for periods ranging from 5 months to 5 years in the management of endstage kidney disease due to MMA. Although the clearance of methylmalonic acid is markedly greater with HD than peritoneal dialysis, the number of reported patients and limited duration of therapy precludes definitive conclusions regarding the ability of any dialysis modality to mitigate or prevent acute complications of MMA (Nyhan et al 2002; van't Hoff et al 1998; Moreno-Vega and Govantes 1985; Paik et al 2004; Etuwewe et al 2009) .
It is unclear that peri-operative HD reduces transplant complications in MMA. We nonetheless used this therapy in an attempt to control methylmalonic acid load, to minimize the risk for metabolic acidosis, and for fluid management (Kamei et al 2011) . Despite a stable post-operative reduction in plasma methylmalonic acid concentration, on postoperative day 3 the patient developed acute deterioration in vision due to further optic nerve damage superimposed on pre-existing chronic bilateral optic neuropathy, followed by generalized seizures on post-operative day 27. Neither neurologic event was seemingly related to a change in plasma methylmalonic acid, allograft function, or medications. Pretransplant CSF metabolite levels were not performed in this patient, but have been previously reported to be approximately 5-10 times higher than plasma levels in other MMA patients who were not in renal failure (Kaplan et al 2006) . Posttransplant CSF methylmalonic acid in this patient was 4.5-8 times higher than plasma, in agreement with previous work suggesting autonomous production of methylmalonic acid in the brain with inefficient transport across the blood brain barrier (Kaplan et al 2006; Oberholzer et al 1967) . Interestingly, although a CSF/plasma gradient existed for methylmalonic acid, the CSF/plasma ratios of amino acids glycine, alanine, and glutamine were consistent with normal values.
Several etiologies were considered as the cause of the post-operative acute-on-chronic optic neuropathy, including the hypotensive episode during transplant surgery as well as metabolic stress associated with the transplant procedure itself. In attempting to treat potentially reversible pathology, we considered the possibility that there was a strong mitochondrial component to the visual loss. Acute opthic atrophy with properties similar to other mitochondrial causes of sudden vision loss are being increasingly reported in MMA (Traber et al 2011) , and this individual already had such an episode prior to surgery. Epi-743 was introduced into this patient's care based on the evidence that the loss of vision could have a strong component of mitochondrial dysfunction, and the prior success of this investigational medication in restoring vision to individuals with mitochondrial etiology of loss of vision (Sadun et al 2012) . While this patient did have an initial, positive improvement of vision temporally associated with the introduction of Epi-743, it is difficult to interpret causation and this investigational medication was discontinued in consideration of her other pressing post-operative complications and an attempt to consolidate and simplify care.
These observations were all made during ongoing and often acute management of our patient's clinical course, and as such, have several limitations. An immediately post-HD plasma methylmalonic acid concentration and the concentration of methylmalonic acid in the 2nd tertile of effluent were unavailable; however, any error introduced by estimating these values should be small and of minimal mathematical consequence. In addition, measures of residual renal function and urinary methylmalonic acid excretion were not available, potentially underestimating total body methylmalonic acid clearance. Given that there were many variables, it is not possible to know with certainty the etiology of the acute vision deterioration on post-operative day 3. Possible explanations include but are not limited to rapid changes in metabolite levels and the brief episode of intraoperative hypotension. Symptom presentation on the 3rd postoperative day seems more consistent with a metabolic complication of MMA thanischemic injury. Finally, pre-transplant CSF methylmalonic acid levels were not measured, and therefore it is not known with certainty the degree to which transplantation affected the CSF methylmalonic acid.
A better understanding of the distribution and kinetics of clinically relevant biochemical parameters is critical in developing effective treatment modalities for MMA and related disorders. This report provides evidence that intermittent HD is not an effective modality for stably reducing plasma or CSF methylmalonic acid and acylcarnitine levels. It also provides further evidence that plasma methylmalonic acid after LKT does not reflect CSF concentration, nor does lowering plasma methylmalonic acid necessarily prevent acute MMA related neurological complications. The role of CSF methylmalonic acid and acylcarnitines in the pathogenesis of MMA-related neurological complications has not been studied in detail and requires further investigation.
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